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Abstract: 
Two-dimensional (2D) materials have been extensively studied in recent years 
due to their unique properties and great potential for applications. Different types of 
structural defects could present in 2D materials and have strong influence on their 
properties. Optical spectroscopic techniques, e.g. Raman and photoluminescence (PL) 
spectroscopy, have been widely used for defect characterization in 2D materials. In 
this review, we briefly introduce different types of defects and discuss their effects on 
the mechanical, electrical, optical, thermal, and magnetic properties of 2D materials. 
Then, we review the recent progress on Raman and PL spectroscopic investigation of 
defects in 2D materials, i.e. identifying of the nature of defects and also quantifying 
the numbers of defects. Finally, we highlight perspectives on defect characterization 
and engineering in 2D materials.  
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1. Introduction 
Two-dimensional (2D) materials have been extensively studied in the past decade 
due to their unique properties. Graphene as a typical 2D material has already shown 
great potential in mechanics, thermotics and electrics: it is the thinnest known 
material and the strongest ever measured [1]; it shows superior thermal conductivity, 
i.e. 5000 Wm
-1
K
-1
 [2]; its charge carriers approach ballistic transport and can travel 
for micrometers without scattering [3]. The research progress in graphene has also 
triggered enthusiasm to investigate many other 2D materials, including 2D transition 
metal dichalcogenides (TMDs), boron nitride, black phosphorus and so on [4-7]. 
Especially, 2D TMDs, e.g. MoS2, have attracted great attentions and are considered as 
promising candidates for next-generation electronics and optoelectronics [8-10]. They 
are semiconductor materials with tunable bandgap in the range of 1-2 eV, and 
undergoing a transition from indirect to direct band gap with reduced thickness to 
monolayer. Both high on/off ratio in logic transistor and high gain of photoresponse 
have been achieved for monolayer or multilayer TMDs semiconductor [11, 12]. 
Like all other materials, the structures of 2D materials always contain abundant 
and different types of defects, such as vacancies, adatoms, edges, grain boundaries 
(GBs), and substitutional impurities, which would strongly influence their properties 
[13]. In electrics, the carrier mobility of graphene strongly depends on the numbers of 
defects inside and also its crystalline grain size, due to the scattering from localized 
defects and GBs. It has been demonstrated that even very small amount of defects in 
mechanically exfoliated graphene can strongly limit its carrier mobility [14].While 
graphene grown by chemical vapor deposition (CVD) normally has  mobility much 
lower than that of mechanically exfoliated sample, due to the appearance of more 
defects and GBs [15-19]. Similarly, the carrier mobility in TMDs devices is also 
limited by structural defects, which in turn restrict its electronic and optoelectronic 
performance [20]. Direct evidence by high resolution transmission electron 
microscope (TEM) has revealed that structural defects (sulphur vacancies) exist in 
MoS2, which introduce localized donor states inside the bandgap and result in 
hopping transport at room temperature [21]. In mechanics, the mechanical properties 
of 2D materials can be affected by both the density and arrangement of defects, 
especially, GBs [22, 23]. The GBs in graphene can either increase or decrease the 
strength of graphene, depends on the detailed atomic arrangement of GBs [22, 23]. In 
thermotics, it has been demonstrated that the thermal conductivity of graphene could 
be significantly reduced even at extremely low defect concentration (∼83% reduction 
for ∼0.1% defects), which could be attributed to the creation of oxygen related 
defects by oxygen plasma irradiation [24]. 
On the other side, defects in 2D materials can also have a beneficial impact on 
their properties. If the location of defects can be controlled, novel graphene-based 
materials can be prepared for application in spintronic devices, catalyst, PN junction 
and so on [25-27]. By defect engineering, the bandgap of graphene can be opened to 
allow switching of graphene-based transistors with a high on/off ratio [13]. The 
properties of TMDs can also be tailored by introduction of defects, for example: line 
defects can act as one-dimensional metallic stripes [28]; laser and ion irradiation can 
be utilized to thin and dope TMDs [29,30]; GBs influence the electroluminescence 
(EL) behavior of WS2 [31]; structural defects or active edge sites can be applied as 
electrocatalysis [32]; a strong photoluminescence (PL) enhancement of monolayer 
MoS2 can be realized through defect engineering and oxygen bonding [33]. Hence, 
the investigation of defects is a crucial step for 2D materials research.  
   To thoroughly study the structural defects in 2D materials, modern 
characterization techniques have been employed, such as TEM, scanning tunneling 
microscope (STM), and X-ray photoelectron spectroscopy (XPS). Although TEM and 
STM provide structural image in the atomic scale, they have the problems of 
complicated sample preparation and small inspection areas [34-37]. While a statistic 
method such as XPS has a disadvantage of poor spatial resolution [38].
 
Optical 
spectroscopic methods, such as Raman and PL spectroscopies, are ideal for the 
characterization of 2D materials because they are time efficient and nondestructive. 
Raman and PL spectroscopy reveal information on the crystal structure, electronic 
structure and lattice vibrations, and can be used to probe thickness (or layer numbers), 
strain, structural stability, defects, charger transfer, and stacking orders of 2D 
materials [39-43]. Raman spectroscopy has been demonstrated as an efficient tool on 
defect characterization in graphene, due to the appearance of defect related D and D′ 
peaks in the spectrum of disordered sample [44]. These Raman peaks are activated by 
double resonant intervalley and intravalley scattering processes, respectively, where 
defect provides the missing momentum in order to satisfy momentum conservation in 
the Raman scattering process [45, 46]. For TMDs, some new Raman peaks also 
appear after the introduction of defects and their intensities are related to the density 
of defects [47], but the sensitivity is not very high. At same time, in low temperature 
PL measurement, a defect related PL peak of TMDs could be observed due to the 
emission of excitons bound to the defect sites, which could be effectively used to 
monitor the numbers of defects in TMDs [48].  
This article will mainly review the defect characterization of 2D materials by 
optical spectroscopic approaches. The organization of the review is as follows: In 
section 2, we summarize the types of defects and discuss their effects on the 
properties of 2D materials; In section 3, we mainly focus on the Raman spectroscopic 
investigation of defects in graphene and TMDs, including the characterization of the 
types of defects and quantification the numbers of defects; In section 4, we will 
discuss the application of PL spectroscopy in the characterization of defects in TMDs. 
In section 5, we will draw a conclusion and give perspectives on the future studies of 
defects characterization and engineering in 2D materials. We hope this review will be 
helpful to the understanding the defects in graphene and TMDs, and also benefit 
future study and applications of 2D materials.  
 
2 The types of defects and their effects on the properties of 2D materials. 
2.1. The types of defects 
In 2D materials, both intrinsic defects and extrinsic defects such as foreign atoms 
may exist. Here, defects are mainly classified according to dimensionality, i.e. 
zero-dimensional defects (Stone–Wales defects, vacancy, adatoms, and substitutional 
impurities), and one-dimensional defects (line defect, GBs and edges). 
 
2.1.1. Zero-dimensional defects 
Stone–Wales (SW) defects: in sp2-hybridized hexagonal carbon systems, a 
simple type of defects is SW defects [49, 50], which are generated by reconstruction 
of graphene lattice (switching between pentagons, hexagons, and heptagons) with 
rotations of C-C bonds by 90° as shown in Figure 1A-i [51]. The SW defects can be 
formed by rapidly cooling from high temperature or under electron-beam irradiation 
[13, 52]. Different from graphene, the SW rotational defects are not formed in TMDs 
due to the polar nature of chemical bonds with trigonal symmetry. However, a 
‘trefoil’-shaped defect, same as V2(555-777) defect in graphene, is formed by a 60° 
rotation of three bonds centered on a metal atom (T1) in atom-deficient TMDs under 
e-beam irradiation and at elevated temperature, as shown in Figure 1A-ii [34]. After 
multiple M-X bond rotations, a larger second-order rotational defect (T2) can also 
form [34]. 
Vacancies: especially, single vacancy (SV) is widely studied in 2D materials, as 
shown in Figure 1B [21]. Besides the simple SV defect, larger and more complex 
defect configurations appear when more than two neighboring atoms are missing. For 
example, double vacancies (DV) can be created either by the coalescence of two SVs 
or by removing two neighboring atoms in graphene. Different kinds of vacancy 
defects are also found in TMDs. For example, in MoS2, there can be S (single S atom, 
VS), S2 (double S atoms, VS2), or Mo vacancy (VMo) [28]. However, some vacancy 
defects are unstable, resulting in defect reconstructions in 2D materials. In graphene, 
SV undergoes a jahn-teller distortion, leading to the formation of a five-membered 
and a nine-membered ring [51, 53]. DV can be reconstructed and result in the 
formation of two pentagons and one octagon [V2(5-8-5) defect]. In TMDs, once VMo 
is generated, the S atoms around it become strongly prone to lose. This could be the 
reason VMo is not observed alone, and most Mo vacancies are present as defect 
complexes of VMoS3 [28].  
Adatoms: foreign atoms could be introduced in 2D materials and form adatoms 
defects. If the interaction between the foreign atom and 2D materials is weak, only 
physisorption occurs as shown in Figure 1C-i and ii [33]. If the interaction is stronger, 
covalent bonding between the foreign atom and the nearest atom of 2D materials 
leads to chemisorption as shown in Figure 1C-iii and iv [33]. Common physisorption 
includes water, oxygen, polymer molecular and metal atoms on top of 2D materials, 
which become charge donors or acceptors and be easily removed by vacuum pumping 
or annealing [54-56]. Chemisorption in graphene is mainly located at three positions: 
in carbon-carbon bond, above carbon atoms, trapped by structural defects [57]. If 
atom is chemically adsorbed on graphene, sp
3
-hybridization can be formed because of 
covalent bonding between foreign atom and carbon atom. Generally, the 
sp
3
-hybridization in graphene could be introduced by hydrogenation, fluorination, 
mild oxidation, and so on [58]. The chemisorption in TMDs is more complex. In the 
case of 1H phase TMDs, there are four positions available for an adatom: on top of 
the metal or chalcogen atoms, and the hollow site slightly above the center of the 
hexagon on the metal or chalcogen atomic plane [59]. Studies show that chemical 
adsorption of oxygen molecule on S vacancy of MoS2 sample is stable due to high 
binding energy, which can be introduced by oxygen plasma and annealing [33].    
Substitutional Impurities: foreign atoms can also be incorporated into the 
lattice of 2D materials as substitutional impurities. Substitutional dopants are 
expected to be very stable due to strong covalent bonding as shown in Figure 1D [60-, 
62]. Replacing carbon atom by transition metal impurities, boron, or nitrogen atoms 
can move the position of the Fermi level and change the electronic structure of 
graphene [61-63]. By introducing other atomic species into the TEM chamber, 
substitutional defects have been found in TMDs in the process of electron-beam 
irradiation [64]. The LDOS shows that N, P, As, and Sb atoms behave as acceptors, 
whereas F, Cl, Br, and I atoms are likely to be donors [64]. The isoelectronic species 
like O, Se, or Te atoms do not produce any localized states, which illustrates that they 
can heal the electronic structure of TMDs with chalcogen vacancies [64]. 
 
2.1.2. One-dimensional defects 
Line defects: in graphene, two 5-7 pair defects (Figure 1E-i) with lower total energy 
are more stable than a local haeckelite structure (555-777) and become dislocation 
line defects [65]. In TMDs, S vacancies in MoS2 sample are found to be mobile under 
electron-beam irradiation and tend to agglomerate into line defects as shown in Figure 
1E-ii [66]. Single and double line vacancies are observed experimentally and both 
aligned along the zig-zag direction [66]. 
Grain boundaries: large-scale 2D material films synthesized by CVD are 
typically polycrystalline, and GBs is important type of defects that could strongly 
influence the properties. Figure 1F-i shows a dark-field TEM image of a graphene 
sheet, which illustrates that the single crystal grains have complex shapes and many 
different crystal orientations, with GBs clearly identified [67]. Figure 1F-ii shows two 
graphene grains meet with a relative misorientation of 27°and are stitched together by 
a series of pentagons, heptagons and distorted hexagons, forming a tilt boundary [67]. 
The GBs in graphene are not straight, and the defects along the boundary are not 
periodic. 
In TMDs, various dislocation core structures constitute the GBs, including not 
only the topologically conventional one with five- and 7-fold (5|7) rings but also new 
core structures with 4|4, 4|6, 4|8, and 6|8 fold rings, which are distinctly different from 
GBs in graphene [68]. Two common GBs in MoS2 crystals are tilt and mirror twin 
boundaries [69]. Figure 1F-iii and iv show dark-field TEM images of polycrystalline 
MoS2 islands grown by CVD, with a tilt (iii) and mirror (iv) twin boundary, 
respectively [69]. A MoS2 tilt boundary is commonly formed from line 5|7 rings, 
whereas twin boundary has been observed as 8|4|4 rings. In addition, boundaries 
composed of different mixed rings and angles can present in TMDs [68].  
Edges: different kinds of edge terminations exist in 2D materials, which directly 
determine the morphologies and properties of 2D materials. As a perfect single 
crystalline structure, the mechanically exfoliated graphene sheets have crystal 
cleavage behaviors [70]. Studies found that most of the angles of graphene are 
distributed around n30o, where n is an integer between 0 and 6, which suggests that 
graphene has zigzag or armchair edges [70]. In TMDs, the shape of monolayer MoS2 
sheet evolutes from dodecagonal shape, then to hexagonal shape, and finally to 
triangular shape with the variation of edges from zigzag/armchair to purely zigzag 
[71]. A high chemical potential of sulfur leads to triangular shape terminated by 
Mo-edge surface in MoS2 during CVD growth, which is controlled by temperature 
and the ratio of partial pressures of H2S and H2 [72]. Similar to MoS2, by controlling 
H2 pressure to produce appropriate fluxes of WO3-x and Se, both hexagonal and 
triangular WSe2 crystals can be grown [73]. However, not all edges of 2D materials 
are microscopically ordered, and often consist of zigzag and armchair segments [74]. 
Edge reconstruction was occasionally observed in TMDs. As shown in Figure 1H-i, 
the edge has a regular Mo-terminated structure, while in Figure 1H-ii, the outmost 
row of Mo atoms undergo a strong reconstruction, moving closer to the inner Mo row 
[28]. Generally, electronic and magnetic properties are different for different kinds of 
edges in 2D materials [28, 75].  
 
2.2. The effects of defects  
The defects in 2D materials can have great influence on their properties, such as 
mechanical, electrical, optical, thermal, and magnetic properties.  
The mechanical properties of 2D materials can be strongly affected by the density 
and the detailed arrangements of defects. A systematic study show that the in-plane 
Young’s modulus of graphene increases with increasing defect density under low 
vacancy content [76]. For a higher density of vacancies, the elastic modulus decreases. 
The elastic modulus of graphene is relatively insensitive to sp
3
-type defects, even at a 
high density [77]. In addition, the elastic modulus of multilayer graphene is 
insensitive to high-energy particle irradiation compared to monolayer graphene 
because of trapping scattered carbon atoms between layers and tending to form 
interlayer linking around defects, which can partially restore the degraded modulus 
[78]. Previous work has shown that the strength of GBs can either increase or 
decrease with the tilt, and the behavior can be explained by continuum mechanics [23]. 
Figure 2A shows the strength of GBs as a function of tilt angle. GBs in graphene are 
usually formed by pentagon-heptagon rings. If pentagon-heptagon defects are evenly 
spaced, the strength of tilt GBs increase as the square of their tilt angles. However, if 
pentagon-heptagon defects are not evenly spaced, the trend breaks down.  
Electronic band structures of 2D materials can be influenced by defects. In TMDs, 
the states near the band edges primarily have contributions from the metal d states and 
chalcogen p states. When chalcogen vacancies are created, gap states can be formed 
in defective TMDs samples [79]. First-principle calculations reveal that, TMDs can be 
divided into two types: (1) defect-tolerant, semiconductors with a lower tendency to 
form defect induced deep gap states; (2) the defect-sensitive case with shallow defect 
levels. In the defect tolerant case, the nature of the bands near the band edges is 
significantly different, whereas in the defect-sensitive case, they are of mixed nature 
as shown in Figure 2B. The TMDs based on group VI and X metals form deep gap 
states upon creation of a chalcogen (S, Se, Te) vacancy, while the TMDs based on 
group IV metals form only shallow defect levels and are thus predicted to be 
defect-tolerant.  
Electrical properties of 2D materials are highly dependent on defects [80,81]. 
The presence of monovalent adsorbates or vacancies can set up a limit on mobility of 
graphene due to scattering, which can be detected by Raman spectroscopy [14]. The 
GBs have great influence on electrical properties of 2D materials [81]. Resistance of 
L-R (across domains) is considerably greater at all gate values than L (left) and R 
(right) for graphene islands with a GB, which shows increased scattering at the GB. 
As for TMDs, sulphur vacancies exist in MoS2, which introduce localized donor states 
inside the bandgap and result in hopping transport at room temperature [21]. However, 
the vacancies can be partially repaired by chemical functionalization of sulphur 
containing groups and the mobility can be improved shown in Figure 2C [80]. Field 
effect transistor devices of tilt GBs in MoS2 samples show a decrease in conductance. 
While devices of the mirror twin samples with channel along the GB show a better 
conductance than grain devices, and the channel across the GB is same to grain 
devices [69]. In addition, studies find that 60° GBs with mirror-symmetric are 
metallic in MoS2 [28], which could provide new functionalities and form intrinsic 
electronic heterostructures in monolayer MoS2.  
The optical properties of TMDs can also be modulated by defects [82]. Previous 
work has shown that the weak PL of monolayer MoS2 is mostly due to the formation 
of negative charged excitons (trion) in naturally n-doped sample [83]. However, 
strong enhancement of PL can be realized by defect engineering of monolayer MoS2, 
through thermal treatment or oxygen plasma irradiation [33]. The oxygen adsorbed on 
defect site has very strong bonding energy, which would introduce heavy p doping in 
MoS2 and hence a conversion from trion to exciton. Defects in TMDs can efficiently 
localize excitons, which act as sources of single photon emission when suitably 
isolated [84]. The energy of single photon emission is 20-100meV lower than that of 
2D excitons [85] and the emission shows sharp linewidth of 58-500 μeV[86]. Figure 
2D-i and ii show PL spectrum of localized emitters and PL mapping of narrow single 
photon emission lines, respectively. In addition, single photon emission shows two 
non-degenerate transitions, which are cross-linearly polarized [86].  
The thermal transport in graphene can also be modulated by defect engineering, 
as shown in Figure 2E. Oxygen plasma treatment could reduce the thermal 
conductivity of graphene even at extremely low defect concentration (83% reduction 
for ~0.1% defects), which could be attribute mainly to the creation of oxygen 
containing defects, e.g. carbonyl pair. Other types of defects, such as, hydroxyl, epoxy 
groups and nano-holes demonstrate much weaker effects on the reduction of thermal 
conductivity where the sp
2
 nature of graphene is better preserved [24].  
Magnetic properties of 2D materials are also affected by defects. Figure 2F 
shows that monolayer black phosphorus can have ferromagnetic properties when 
substitutionally doped with transition metals of V, Cr, Mn, Fe, or Ni [87]. The pristine 
black phosphorus is nonmagnetic and the magnetization of doped black phosphorus is 
mainly from the 3d orbitals of the transition metals. In addition, research shows that 
bare Mo-terminated edge in MoS2 has a ferromagnetic ground state, where every Mo 
atom at edge possesses a local magnetic moment. However, the Mo magnetic 
moments are totally quenched after edge reconstruction, while the metallic behavior 
of the edge is still well-preserved [28]. 
Besides, electroluminescence (EL) can also be realized at GBs of TMDs under 
biasing between the two grains as shown in Figure 2G. According to the study of 
localized light-emission in single carbon nanotubes, defects can create pockets of 
trapped electrons in SiO2 and forms locally p-doped segments that cause emission 
under biasing [88,89]. In the case of monolayer WS2, the presence of GBs defects 
might also lead to locally reside hole donor dopants and result in radiative 
recombination of the majority electron charge carrier under biasing, namely EL [90].  
 
3.  Raman spectroscopic investigation of defects 
Raman spectroscopy as a nondestructive characterization method is widely used 
in 2D materials research. It can be adopted to determine the number of layers, monitor 
the electronic band structure, study the effects of perturbations on 2D materials, such 
as electric and magnetic fields, strain, doping and functional groups [43, 46, 56, 91]. It 
has also been frequently used to estimate the nature and numbers of defects in 
graphene and other 2D materials. 
 
3.1 Defect characterization in graphene by Raman spectroscopy 
Raman spectroscopy is widely used in graphene researches, as it provides 
information about both atomic structure and electronic properties of graphene. The 
Raman spectrum of pristine and defective single layer graphene (SLG) is composed of 
distinct peaks, including G, D, D′, 2D (also known as G′), 2D’, D + D′′ and D + D′ 
peaks as shown in Figure 3A [45].  
   The G and 2D peaks located at ~1580 and ~2700 cm
-1
 respectively, are main 
Raman characteristic lines in Raman spectrum of graphene. The G peak corresponds 
to the allowed high-frequency E2g phonon (with momentum q≈0) of the Brillouin 
zone (BZ) at  point, and the double-resonance 2D peak is from the A′1 phonon in 
the BZ corner of K point [46]. A defect is required for the activation of D, D′, and D + 
D′ peaks. The defect-induced D peak at ~1350 cm−1 originates from A′1 phonons(with 
q≠0) around the Brillouin zone corner K and is activated by intervalley double 
resonant process, as shown in Figure 3B. The D peak is strongly dispersive with 
excitation energy [45, 92] as shown in Figure 3C. When the excitation energy 
increases, the phonons involved in the double resonant process move away from K, 
and their frequencies become higher [93]. In addition, the Raman intensity of D peak 
also shows dependency on the excitation energy, ID/IG~EL
-4
, as shown in Figure 3D 
[94,95]. The defect-induced D′ peak at ~1620 cm−1 coming from E2g phonon (with 
q≠0) is given by intravalley double resonant process that connects two points 
belonging to the same cone around K (or Kʹ), as shown in Figure 3B. With defect, 
one intravalley and one intervalley phonon can be emitted together, producing the D + 
D′ peak at ~2950 cm−1. Hence, the intensities of the above mentioned defect-induced 
Raman peaks (i.e. D, D′, and D + D′) can provide much information on the nature and 
numbers of defects in graphene. 
 
3.1.1 The nature of defects in graphene probed by Raman spectroscopy 
Previous studies have shown that, although it is small and usually unnoticed 
under the noise level, the D peak is generally present in high quality mechanically 
exfoliated graphene, and typically reaches ~1.5% in amplitude with respect to the G 
peak (ID/IG) [14]. Such a weak D peak is present on pristine graphene on different 
substrates, i.e. SiO2/Si, PMMA, Mica, Glass, and Gold [96]. After graphene is treated 
by thermal annealing or plasma irradiation, different types of defects, such as 
vacancies and sp
3
 hybridization, are introduced [42, 97]. For example, the sp
3
-defects 
can be introduced by mild oxidation, and vacancy-defects can be produced by 
Ar
+
-bombardment. Figure 4A shows the evolution of Raman spectra of single layer 
graphene with H2 and Ar
+
 plasma treatment. With the increase of irradiation time, the 
D peak increase, together with other defect related Raman peaks, especially, D′ peak. 
It can be found that graphene samples contain different types of defects have different 
ID/ID′ ratios. 
Theoretical results show that the ID/ID′ ratio can be used for identifying the nature 
of defects in graphene [98]. The ID/ID′ ratio is determined by the defect potential V, 
where  V = VDSLG- VSLG, VDSLG describes the self-consistent potential of the 
defective SLG (DSLG) and VSLG is the corresponding value for pristine SLG. V is 
different for mono-vacancy (MV), double-vacancy (DV), Stone–Wales (SW), 
555-777, and 5555-6-7777 defects in SLG [98]. The ID/ID′ ratios were calculated as ~1 
for MV, ~11 for DV, ~17 for SW, ~4 for 555-777, and ~4 for 5555-6-7777 defects, 
while upon oxygen adsorption the respective values were ~1, ~1, ~10, ~3 and ~6, 
respectively [98]. To some extent, oxygen adsorption on a MV heals the defect, 
suppressing the intensity of the D and D′ peaks about two orders of magnitude.  
Figure 4B shows that variation of the intensities of D and D′ peaks of different 
types of defects in experiment. All the sp
3
-type defective graphene (partially 
hydrogenated, fluorinated and oxidized graphene) share the same slope in the plot 
ID/IG versus ID′/IG, that is, they have the same ID/ID′ (≃13) [100]. In contrast, defective 
graphene samples produced by ion-bombardment and anodic bonding [101], which 
mainly contain vacancy-like defects, show a smaller ID/ID′ (≃7). While polycrystalline 
graphite, where defects are commonly GBs, shows an even smaller ID/ID′ (≃3.5) [100].  
The above results demonstrate that Raman spectroscopy, i.e. ID/ID′, could be used to 
identify the nature of defects in graphene.  
It should be noted that the experimental results are not consistent with theoretical 
calculations. The discrepancy between theory and experiment can be attributed to the 
idealized description of defects in the ab initio calculations. Though vacancies defect 
can be characterized in experiment, there is no difference for MV and DV. During the 
process of mild oxidation, sp
3
-defect cannot be described as the only type of defects. 
The defects are expected to have both on-site and hopping components since the 
out-of-plane bonding with the atom also introduces distortions in the crystal lattice 
[99, 102]. Furthermore, defects are usually not isolated (as assumed in the ab initio 
calculations), but they appear in form of dimers or clusters.  
 
3.1.2 Quantifying the numbers of defects in graphene by Raman spectroscopy 
Raman spectroscopy can also be used to quantify the amount of defects in 
graphene [95, 103]. With increasing number of defects produced by 
Ar
+
-bombardment, the relationship between the D to G intensity ratio(ID/IG) and 
average defect distance (LD) undergo two stages as shown in Figure 5A[95, 45]. In 
stage 1, ID is almost proportional to the total number of defects probed by the laser 
spot. For LD and laser spot size LL, there are on average (LL/LD)
2
 defects in the area 
probed by the laser, thus ID (LL/LD)
2 
[95]. On the other hand, IG is proportional to 
the total area probed by the laser (IGLL
2
), giving ID/IG 1/LD
2
 [95]. The D to G 
intensity ratio reaches a maximum for LD∼3 nm. In stage 2, with increasing number 
of defects, where LD < 3 nm, ID will decrease with respect to IG and ID/IGM (M 
being the number of ordered hexagons), and the development of D peak actually 
indicates the degree of ordering of the system, opposite to stage 1 [95]. This leads to a 
new relation: ID/IGLD
2
 [95]. As also mentioned in Figure 3D, ID/IG, for a specific LD, 
depends on the laser energy. Figure 5B plots EL
4
(ID/IG) as a function of LD, where EL 
is excitation energies. For the low-defect density regime (the black line, within stage 1) 
(LD>10 nm), after fitting, the defect density is 
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Therefore, the amount of defects in graphene can be effectively estimated by Raman 
spectroscopy. As defects are scattering or trapping centers for carriers, they could 
strongly influence the electrical performance of graphene. Figure 5C-i and 5C-ii show 
Raman spectra and transfer curves of graphene with increasing number of defects 
introduced by hydrogen plasma, respectively [14]. The results reveal that the 1/ of 
graphene has a linear relationship with the ratio ID/IG as shown in Figure 5D, which 
illustrates that intervalley scatters can be as a factor limiting carrier mobility and the 
scattering probability is proportional to defect density in graphene [14]. 
 
3.1.3 Identifying edges and grain boundaries in graphene by Raman 
spectroscopy 
Raman spectra can also be used to distinguish the type of edges of graphene, i.e. 
Zigzag (Z) or Armchair (A) edges [104]. The Raman D peak is inactive for Z-edges 
because the exchanged momentum by scattering from the Z-edges (dZ) cannot 
connect the adjacent Dirac cones K and K′ as shown in Figure 6A and hence does not 
fulfill the double resonant process [105-107]. On the other hand, the exchanged 
momentum from A-edges (dA) can satisfy the intervalley scattering process between 
K and adjacent K′ as shown in Figure 6B; hence D peak is Raman active for A-edge. 
Figure 6C shows Raman images of different edges of mechanically exfoliated single 
layer graphene sheets [70]. The intensity of D peak for A-edge is higher than that of 
Z-edge. Because of imperfection of Z-edges, the D peak intensity is indeed not zero. 
It has also been found that graphene edges (both armchair and zigzag) are not stable 
and undergo modifications even at temperature as low as 200 °C [74]. The D peak 
also shows its sensitivity in identifying the alignment configuration at edges for nLG 
(n > 1) [108].  
GBs in graphene can also be treated as a special “edge” and can be monitored by 
Raman spectroscopy. Figure 6D-i shows the Raman image of two CVD grown 
graphene domains with a GB, where a pronounced ID is observed at the GB between 
two coalesced grains [109]. Hence, Raman image of the D peak intensity provides a 
convenient way to clearly identify the locations of GBs. Electrical measurement 
shows that the resistance across the GB is much larger than that within the grain as 
shown in Figure 6D-ii, reflecting the effect of GBs to impede the electrical transport.  
 
3.2 Defect characterization in TMDs by Raman spectroscopy 
Raman spectroscopy can also be used to gain insight in the vibrational properties 
of TMDs, e.g. identifying the number of layers and studying the perturbation induced 
by strain on their crystal lattice [40, 41]. Monolayer MoS2 has two prominent 
Raman-active peaks, E′ and A′1. At   point, the out-of-plane optical (ZO) branch 
gives rise to the A′1 peak. The degeneracy of the longitudinal optical (LO) and 
transverse optical (TO) branches is broken at the zone center due to the slight polarity 
of MoS2. However, only one peak (E′) is detectable in Raman spectroscopy due to the 
small LO-TO splitting (<3 cm
−1
) [40,110]. When defects are introduced into MoS2, 
three changes of Raman spectrum are summarized as follows: (1) the positions of two 
prominent Raman-active peaks shift, (2) two prominent Raman-active peaks broaden, 
(3) defect-activated peaks appear.  
After introducing vacancy defects into MoS2 by electron-beam irradiation, the 
redshift of E′ peak and blueshift of the A′1 peak, accompanied by the broadening of E′ 
and A′1 peaks are observed, as shown in Figure 7A [111, 47]. With the increase of 
vacancy concentration, there are fewer Mo-S bonds involved in the in-plane 
vibrations, and thus the restoring force constant of the E′ peak is continuously 
weakened, resulting in the redshift of E′ peak. The A′1 peak corresponds to 
out-of-plane vibrations of the Mo-S bonds with static center Mo atoms for the pristine 
system. Its restoring force constant is slightly reduced because of missing a Mo-S 
bond. However, the originally static Mo atom is allowed to vibrate out of plane, 
which strengthens the restoring force constant from the Mo-S bond vibration, 
resulting in the blueshift of A′1 [111]. Figure 7B presents the frequency differences 
between E′ and A1′ peaks with the increase of defect concentration, which shows an 
almost linear dependence. During the process of low energy phosphorus implantation, 
significant broadening of E′ peak in the MoS2 flake was also observed [27]. 
Figure 7C shows the evolution of Raman spectra of monolayer MoS2 as a 
function of LD, where LD is an average interdefect distance, which can be used for 
expressing the defect density. The LD of vacancy defects in monolayer MoS2 flakes 
can be tuned by Mn+ bombardment [47] with the relationship LD = 1/  , where 
  is the ion dose density. As can be seen, several defect-activated peaks appear in 
MoS2 samples. These peaks involve phonons at the zone edge of the BZ, which may 
be activated by the momentum contribution from the defect, allowing the Raman 
selection rule to be satisfied. The most intense peak is located at ∼227 cm−1, which is 
attributed to disorder-induced Raman scattering and has been assigned to LA phonons 
with momentum q 0 at M point. The evolution of the intensities (peak height) of the 
LA peak normalized to the E′ and A′1 peaks, as a function of LD is shown in Figure 
7D. Fitting the data in Figure 7D using
2
DL
）X（C
）X（I
）LA（I
 , where X = E′ or A′1, 
reveals that C (E′) = 1.11 ± 0.08 nm2 and C (A′1) = 0.59 ± 0.03 nm
2 
[47].  
In addition to vacancy defects, oxygen substitution in TMDs can also be 
characterized by Raman spectroscopy. The O substitution can partially restore the 
bonding but cannot fully restore the Raman peak positions of the pristine system, and 
would be treated as a vacancy from the Raman peak shifts. In WSe2 sample, two 
features located at ~260 and ~263 cm
-1
 might correspond to the overtone of the LA 
phonon branch at the M point and to a phonon belonging to the A-symmetry optic 
branch at the M point, which becomes active due to structural disorder [112]. After air 
heating at 400 °C, two peaks at 695 and 803 cm
−1
 are observed for few-layer WSe2 
sample, which are assigned to tungsten oxide (WO3-x) [113].  
The above results reveal that Raman spectroscopy can be used to study the 
defects in TMDs. However, it is found that the change of Raman features with the 
increase of defect density is rather insensitive. This is different from the case of 
graphene, where the D peak originates from the double resonant Raman process and is 
very sensitive the defect density. Following, we will show that PL spectroscopy 
provide a more reliable and sensitive way to monitor the defects in TMDs. 
 
4. Defect characterization in TMDs by PL spectroscopy  
In TMDs, the presence of vacancy will introduce defect density of states within 
the bandgap [21]. Figure 8A shows band structure and density of states of monolayer 
MoS2 with S vacancies. The bottom of the conduction band of MoS2 is dominated by 
Mo 4d orbitals, while top of valence band is originated from the hybridization 
between strong Mo 4d orbitals and weak S 3p orbitals. Therefore, midgap states can 
be formed after introducing S vacancies in MoS2 and strong localization can be 
formed surrounding the vacancy [21]. At room temperature, monolayer TMDs 
samples have strong PL signals due to the direct bandgap emissions: the coulomb 
interaction between one electron and one hole creates exciton (X0), and exciton 
further charged by binding an additional electron or hole to form charged three-body 
excitons named as trions (X0
-
 or X0
+
) [114]. At low temperature, in addition to exciton 
and trion emissions, there is another PL peak attributed to emission from bound 
exciton, named Xb, which results from exciton bound to midgap states (localized 
states) within the bandgap [115]. The localized states formed within the bandgap of 
TMDs can be attributed to lattice defects (such as the vacancy as shown in Figure 8A) 
or residual impurities introduced during the mechanical exfoliation process or ion 
irradiation [115-118].  
Four main features of bound exciton Xb peak have been concluded as following: 
1. a nonlinear laser power dependence and saturation phenomena at high laser power; 
2. vanished with increasing temperature; 3. circular polarization dependence; 4. 
electrical gate dependence. Figure 8B shows PL spectra of MoS2 measured at 80K 
and the intensity of X0 peak is normalized by Xb. It is found that the relationship 
between PL intensity (I) and excitation power (p) follows the power law I pk with 
k<1 as shown in Figure 8C. The nonlinear laser power dependence and saturation 
phenomena for Xb peak can be explained by the population of defect states with 
excitons at high excitation power [119]. The increasing excitation intensity will also 
cause band filling of the localized energy states, giving rise to the blueshifts of Xb 
peak. The PL intensity of Xb peak is vanished with increasing temperature as shown 
in Figure 8D, which is understandable since excitons are not tightly bound to defects 
and such weak interaction can be easily perturbed by thermal stimulation
 
[120]. PL 
emissions of neutral and charged excitonic states (exciton and trion emissions) are 
highly circularly polarized due to valley optical selection rules derived from the single 
particle picture [116]. The bound exciton emission also shows a small circular 
polarization of 13% at a temperature of T = 10 K for WSe2 sample as shown in Figure 
8E [116]. The degree of circular polarization is given by: 
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)()(
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, where I(σ+) 
and I(σ−) correspond to the PL intensity of the σ+ and σ− polarization components, 
respectively [116]. One possible mechanism could be related to partial transfer of the 
valley polarization from optically generated electron-hole pairs [121] to the localized 
electrons or holes [116]. The electrical gate dependence of PL spectra of MoS2 at 10K 
is shown in Figure 8F. With gate voltage Vg varying from 60 V to -60 V, the intensity 
of X0 peak at ~1.958 eV increases while the intensity of X0
-
 peak at ~1.925 eV 
decreases, which is accompanied by the change from electron doping to hole doping 
in MoS2. Since Xb peak results from exciton bound to localized states, its intensity 
also shows strong gate dependence and increases with Vg varying from 60 V to -60 V, 
similar to X0 peak.  
 
4.1 Quantifying the numbers of defects in TMDs by PL spectroscopy 
Following, we will show that the intensity of bound exciton Xb peak can be used 
to quantify the number of defects in TMDs. Figure 9A shows low temperature PL 
spectra (80 K) of single layer WSe2 with and without electron-beam irradiation during 
the electron beam lithography (EBL) process [48]. As can be seen, a strong Xb peak 
presents in the PL spectrum of electron-beam irradiated region, which suggests that 
PL spectroscopy can be used to monitor the structural defects in TMDs introduced by 
electron-beam irradiation. Figure 9B shows temperature dependence of PL spectra of 
electron-beam irradiated WSe2. A thermally dissociation process can be used to 
describe the population of Xb, that is NXb, as a function of temperature T:
kTExb Ae
N
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/
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  , where  is the excitonic lifetime exceeding 100ps, 
0  is effective scattering time and EA is activation energy [48]. By fitting the data in 
Figure 9C with above equation, we get EA of 43 meV and the ratio 0/ of 259 for 
bound exciton in monolayer WSe2. Figure 9D shows the PL spectra of electron-beam 
irradiated WSe2 with different electron dosage. The Xb intensities are plotted against 
laser power with different electron irradiation density as shown in Figure 9E. An 
obvious sublinear dependence can be observed and can be well fitted by power law 
kPI  , where k is ~0.59. The saturated intensity of Xb increases with increasing 
electron-beam density, in good accordance with the increase of defect densities at 
higher dosage. In Figure 9F, in order to quantify defects, the intensity ratio of IXb/IX0 
is obtained, where X0 peak was used for normalization, similar to defect 
characterization in graphene by Raman intensity ratio of D and G peaks (ID/IG) [14]. It 
can be seen that such ratio shows very good linear dependence with the irradiation 
electron dosage in the range of <60 106 m -2, which suggest that the intensity of Xb 
peak can be used as a standard approach to characterize and monitor the defects in 
WSe2 sample [48]. The electrical properties of WSe2 can be greatly influenced by the 
presence of defects, as shown in Figure 9G. It is interesting to find that 1/   increases 
almost linearly with the increase of irradiation electron dosage and also IXb/IX0. The 
defects, e.g. vacancies, are efficient short-range scatters for conducting carriers, which 
would result in srN1/ , where Nsr is the number of scattering centers or defects 
and presented by the electron irradiation dosage or IXb/IX0. The above results clear 
demonstrate that PL spectroscopy is a nondestructive and efficient method to 
investigate the defects in TMDs. 
 
4.2 Edge and grain boundary in TMDs probed by PL spectroscopy 
With the development of CVD techniques, large-area monolayer TMDs crystals 
are available, while spatial nonuniformities in the PL intensity from TMDs grains are 
frequently observed at room temperature [69, 122, 123]. GB and edges always exhibit 
PL signals different from that at the crystal center. These nonuniformities can be 
attributed to localized states, doping, and strain [69, 78, 123, 124].  
Figure 10A and 10B shows PL and Raman images of monolayer MoS2 after 
thermal annealing. Strong PL enhancement is observed in some regions which has 
lower Raman intensity. Figure 10C shows a clear blueshift of the MoS2 Aʹ1 peak in 
these regions. AFM measurement (Figure 10D) reals that PL enhancement is from 
cracks that formed during annealing, where oxygen molecule chemically bound to 
defect site. The charge transfer from MoS2 to oxygen would induce a trion to exciton 
transformation and hence the PL enhancement [33]. Furthermore, excitons may 
localize at the defect/crack sites, which would have much larger binding energy and 
suppress the thermally activated non-radiative recombination, result in a very high PL 
quantum efficiency. There are also results demonstrate that higher PL intensity and 
lower-energy PL emission present at the edges and GBs of WS2, which is consistent 
with stronger exciton binding at localized states [83]. The examined edges of WS2, 
such as bare sulfur, bare tungsten, sulfur, or oxygen passivated tungsten, support 
edge-localized states at the Fermi level [83]. It is noteworthy that sulfur passivation 
has been studied in zigzag MoS2 triangular islands using STM, identifying states at 
Fermi level at the edges [125]. Scanning transmission electron microscope (STEM) 
studies on GBs in 2D TMDs have found that a variety of non-6-membered rings (4-, 
5-, 7- and 8-membered rings) together with strained 6-membered rings are present at 
GBs with different misorientation angles [124]. DFT calculation has shown that all 
these non-6-membered dislocation cores can induce deep gap states [124].  
Studies also found that tilt and mirror GBs have different PL intensity in TMDs 
as shown in Figure 10 E and F. The mirror boundary is with quenching of PL 
intensity and a 8 meV blueshift in peak energy, while the tilt boundary shows a 
surprising enhancement in emission strength and a 26 meV blueshift. The PL 
spectrum of the GBs may be affected by two main factors: doping and strain. The 
defects in the mirror boundary are molybdenum rich, which would n-dope the 
boundary; whereas the defects in the tilt boundary are sulphur rich, which would 
p-dope the boundary [69]. Since PL intensity is strongly affected by charge density 
[83], the increased/decreased electron density at mirror/tilt edges would cause PL 
quenching/enhancement [69]. On the other hand, strain around the boundaries may 
modify the bandgap or cause the boundary region to lift off the electrically disordered 
SiO2 surface, hence enhances PL emission [69]. 
 
5. Conclusions and perspective 
In this review, we have classified the types of defects in 2D materials, represented 
by graphene and TMDs, based on dimensionality and atomic structure. These 
structural defects have been thoroughly studied by modern characterization 
techniques, such as TEM, STM, and XPS. Optical spectroscopic methods, for 
example Raman and PL, are time efficient and nondestructive techniques for defect 
characterization in 2D materials. Defects in graphene can be well classified and 
quantified by Raman spectroscopy. The intensity ratio of D and D′ peaks can be used 
for identifying the types of defects and the intensity ratio of D and G peaks can be 
used for quantifying the numbers of defects. In the case of TMDs, we have shown that 
PL spectroscopy can be used to characterize the defects inside. The intensity of low 
temperature bound exciton emission Xb is very sensitive to the number of defects in 
TMDs. GB can also be identified by PL spectroscopy and enhanced PL is presented at 
edges because of localized states, doping and strain. Although great progress on 
defect characterization by optical spectroscopy has been made, more efforts are 
expected on but not restricted to the following aspects: 
1. Though quantification of defects in TMDs has been done by PL spectroscopy, the 
characterization of the types of defects by optical spectroscopic methods has not been 
reported. Different types of defects can form different localized states in 2D materials, 
which would give bound exciton emission at different energies.  
2. Modulation of PL intensity has been achieved by defect engineering in 2D 
materials. Recently, single photon emitter has been observed in mechanically 
exfoliated and CVD grown TMDs. It is possible to utilize defect engineering to 
further modulate single photon emission in TMDs. 
3. The defects have great influence on properties of 2D materials, such as mechanical, 
electrical, optical, thermal, and magnetic properties. More work should be carried out 
on the application of defects in tuning the properties of TMDs devices, such as, EL, 
photodetector, and so on. For example, although EL at GBs has been observed, there 
are other types of defects which could contribute to the improvement of EL quantum 
efficiency. Vacancies or adatoms can be introduced by plasma treatment, which may 
form center for radiative recombination of EL. 
4. This paper mainly focuses on studies of defects in graphene and TMDs. 
Spectroscopic investigation should also be applied for defects in other 2D materials, 
such as black phosphorus, Bi2Se3, silicene and so on. 
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Figures 
 
 
Figure 1. The types of defects in 2D materials. (A) SW defects. (i) HRTEM image of 
SW defects in graphene [51]. (ii) The filtered annular dark-field images of SW defects 
in WSe2 (top) and the atomic model of T0 to T1 transformation (bottom) [34]. (B) 
Atomic structure of a monolayer MoS2 by aberration-correct TEM [21]. The SVs are 
highlighted by red arrows. (C) Relaxed configuration and charge density difference of 
an O2 molecule physisorbed on perfect monolayer MoS2 (i, ii) and chemisorbed on 
defective monolayer MoS2 (iii, iv) [33]. (D) Atomic model of substitutional impurities. 
(i). C atoms substituted by B and N atoms in graphen [62]. (ii) substitutional oxygen 
in TMDs [60]. (E) Line defects. (i) Line defects formed from aligned vacancy 
structures in graphene [65]. (ii) Single vacancy line defects in MoS2 [66]. (F) GBs. (i, 
ii) TEM image of GBs in graphene [67]. (iii, iv) Dark-field TEM image of 
polycrystalline MoS2 islands with tilt and mirror twin GBs [69]. (G) Edges [28]. (i) 
regular Mo-terminated edge of MoS2. (ii) Reconstruction of the Mo-terminated edge. 
 
 
  
Figure 2. (A) The strength of GBs of graphene as a function of tilt angle [23]. (B) (i, 
iii) Band structures near the band edges for the defect-tolerant and defect-sensitive 
cases of TMDs, respectively. (ii, iv) Shallow and deep levels introduced after the 
creation of defects in TMDs [79]. (C) Mobility ( as a function of temperature (T) for 
as-exfoliated (black), top-side repaired (blue), double-side repaired (red) monolayer 
MoS2 [80]. (D) (i) PL spectrum of localized emitters [86]. Inset is a high-resolution 
spectrum of highest intensity peak. (ii) PL intensity image of narrow emission lines 
within a spectral width of 12 meV centered at 1.719 eV. (E) Thermal conductivities of 
oxygen plasma treated graphene with different defect concentration. The inset is the G 
peak frequency shift as a function of the absorbed laser power [24]. (F) Calculated 
formation energies and total magnetic moments of BP doped with different transition 
metals elements [87]. (G) (i) A source drain bias ramping cycle used for EL 
generation (ii) EL images in the monolayer WS2 GB region at forward bias. (iii) An 
EL spectrum is compared with a PL spectrum normalized to the EL intensity [90].  
  
Figure 3. (A) Raman spectra of pristine (top) and defective (bottom) graphene. (B) 
Raman processes corresponding to D and D′ peaks of graphene. Electron dispersion 
(solid black lines), occupied states (shaded areas), interband transitions neglecting the 
photon momentum, accompanied by photon absorption (blue arrows) and emission 
(red arrows), intraband transitions accompanied by phonon emission (dashed arrows), 
electron scattering on a defect (horizontal dotted arrows). (C) Measured and 
calculated frequencies of the D peak as a function of the excitation energy [45]. (D) 
Laser energy dependence of the integrated Raman intensity ratio ID/IG, where ID/IG
CA. The solid line is given by CAEL
-4
 fit [95].  
 
 
 
 
 
 Figure 4. (A) Evolution of Raman spectra of (top) hydrogen- and (bottom) 
Ar+-plasma treated graphene [97]. (B) ID/IG versus ID′/IG of graphene with different 
types of defects. The inset shows the linear dependence between the two parameters at 
low defect concentration, suggesting that graphene samples with different types of 
defects have different ID/ID′ [100].  
 
 
 
 
 
 
 
 
 
 
 
 Figure 5. (A) The evolution of ID/IG with interdefect distances LD under different 
laser energies [95]. (B) Amorphisation trajectory EL
4 
[ID/IG] as a function of LD for 
different excitation energies [45]. (C) Hydrogen adatoms lead to an increase in the D 
peak intensity (i) and simultaneously affect graphene′s electrical performance (ii). (D) 
Changes in mobility as a function of the D peak intensity. Different symbols denote 
different devices. Solid lines are the linear fits [14].  
 
 
 
 
 
 
 
 
 
 
 Figure 6. (A) Schematic of intervalley process: only the exchanged momentum from 
armchair edges dA can connect K and K′. (B) Schematic of intravalley process: both 
the exchanged momentum from armchair and zigzag edges, dZ and dA, can connect 
points belonging to the same region around K (K′) [104]. The blue line is an 
iso-energy contour, taking into account the trigonal warping. (C) Raman images from 
graphene edges with angles (i) 30
o
, (ii) 60
o
 (zigzag), (iii) 90
o
 and (iv) 60
o
 (armchair) 
[70]. (D) (i) D peak intensity images for two coalesced graphene grains with a single 
GB. (ii) Representative room-temperature I-V curves measured within each graphene 
grain (V7,8,V9,10) and across the grain boundary (V8,9) [109].  
 Figure 7. (A) Experimental and theoretical peak shifts of the E′ and A′1 peaks as a 
function of sulfur vacancy percentage. (B) Change in frequency difference between 
the E′ and A′1 peaks as a function of defect concentration [111]. (C) Raman spectra of 
MoS2 flakes with varying interdefect distances LD. (D) Experimental intensity ratios 
I(LA)/I (A′1) and I(LA)/I (E′) of MoS2 as a function of inter-defect distance LD. The 
inset shows the low frequency peaks and the corresponding Lorentzian fits, where the 
LA peak is located at ~227 cm
-1
 [47].  
  
 Figure 8. (A) Band structure (left) and partial density of states (right) of a monolayer 
MoS2 55 supercell with an SV [21]. The localized states are highlighted by red lines. 
Green dashed line corresponds to the case without SV. (B) Laser power dependence of 
PL spectra of MoS2, normalized by the intensity of Xb. (C) PL intensity of bound 
exciton and free exciton of MoS2 with increasing laser power. (D) Temperature 
dependence of PL spectra for MoS2. (E) Temperature dependence of the PL circular 
polarization of monolayer WSe2. Inset: Polarization-resolved PL spectra for σ
+
 and σ− 
detections [116]. (F) Gate dependence of PL spectra for MoS2 measured at 83 K. 
 
 
 
 
 
 Figure 9. (A) (Left) Schematic diagram of electron-beam irradiation on monolayer 
WSe2 sample during the EBL process. (right) PL spectrum of monolayer WSe2 with 
and without electron-beam irradiation. The inset shows optical image of WSe2 with 
PMMA patterned by EBL, scale bar is 5 m. Temperature dependence of PL spectra 
(B) and Xb intensity (C) of WSe2 after electron-beam irradiation. (D) PL spectra of 
monolayer WSe2 under different irradiation density. (E) Laser power dependence of 
the intensity of Xb under different irradiation density. (F) The dependence of IXb/IX0 
on irradiation density. (G) Changes of scattering rate 1/ and mobility  (inset) as a 
function of electron-beam dosage and IXb/IX0 [48].  
 
 Figure 10. PL intensity (A), Raman A′1 peak intensity (B), and A′1 peak frequency (C) 
images of a monolayer MoS2 after annealing for 1 h at 500 
o
C at 0.1 Pa. (D) AFM 
image corresponding to the blue square in (C) [33]. PL intensity images of CVD 
MoS2 islands with mirror (E) and tilt (F) GBs. The mirror twin boundary has a 50% 
quenching of PL, while the tilt boundary has a 100% enhancement of PL [69].  
 
 
 
